properties of these soils are listed in Table S1 . The maize seeds were sown on phosphate and high phosphate) were weighed and applied separately at each 1 4 5 application date and are provided in Table S2 . The average monthly rainfall across the 1 4 6 whole field was recorded until sample collections by a small meteorological station 1 4 7 located in the experimental field listed in Table S3 . For fungal community analyses under each phosphate condition samples of bulk soil, amplified with primers ITS5-1737F (5'-GGAAGTAAAAGTCGTAACAAGG-3') and barcode marker for fungi (Schoch et al., 2012) and widely used for species 1 8 0 identification for soil fungal community (Tedersoo et al., 2010; Lu et al., 2013) . between axial and lateral roots in combination with two P conditions were performed 2 6 5 using the Bioconductor package limma (Smyth, 2004 (Smyth, , 2005 Global patterns of root type-specific fungal communities and transcriptomes 2 9 0 under diverse P conditions 2 9 1
The root system of maize consists of a variety of axial roots including primary, 2 9 2 seminal and shoot-borne roots. All of these root-types form lateral roots. We the fungal community composition with the corresponding maize root transcriptomes. Moreover, bulk soils with the two P levels were collected ( Fig. 1a ) for determination 2 9 7 of free living soil fungi. Overall, fungal taxonomic structure varied across root types 2 9 8 and P conditions, but replicate samples clustered closely together ( Fig. 1b , Dataset S1). Moreover, the fungal taxonomic composition of bulk soils varied strongly between 3 0 0 the two P levels and was very different from the fungal taxonomic composition In parallel, the transcriptomes of the axial and lateral roots were determined by RNA-
Seq to survey gene expression in the two root types under two P levels (Datasets S2, 3 0 4
3). In total, 27,375 genes were expressed in at least one root type/P treatment variant 3 0 5 (Dataset S3). A multi-dimensional scaling plot showed the distances between 3 0 6 transcript populations of root types and P levels ( Fig. 1c ). It highlighted that replicate 3 0 7 root type by P regime samples clustered together and that transcriptomic differences 3 0 8
were more divergent among root types than among P treatments.
3 0 9
Fungal taxonomic composition differs among maize root types under diverse P 14 in soil. However, both axial and lateral roots showed specific OTUs, which were not 3 2 0 detected in bulk soil. Among those, 40 were exclusively enriched in lateral roots and 5 3 2 1 in axial roots under LP conditions. Under HP conditions 19 OTUs were exclusively 3 2 2 enriched in lateral roots and 55 were restricted to axial roots ( Fig. 2a ). This indicates 3 2 3
that the taxonomic complexity of the fungal community is co-influenced by root type, 3 2 4 P availability and their interaction. To understand how root type and P level influence the taxonomic structure of root 3 2 6
inhabiting fungi, the OTUs were classified at the phylum level (Ascomycota,
Basidiomycota, Glomeromycota, Zygomycota, Chytridiomycota). Because significant 3 2 8
proportions of the microbial diversity were shared among root types, we focused on showed divergent abundances of different taxa at the order level ( Fig. S3 ). Despite the 3 3 3 large number of highly abundant orders ( Fig. S3 ), taxonomic information is available
for only a fraction of them (7 OTUs) ( Fig. 2b ). Root types tended to enrich the lowly Chaetothyriales were significantly enriched in axial roots ( Fig. 2b) . Moreover, the 3 3 8 taxonomic composition of free-living fungi in bulk soil was more complex than in 3 3 9 roots ( Fig. 2c ). We further calculated the Shannon index as a measure of fungal 3 4 0 diversity. At LP, the taxonomic diversity was higher in lateral roots than in axial roots,
whereas, at HP the taxonomic diversity was similar for both root types ( Fig. 2c lateral root types and only to a minor degree by P status (Fig. 2d ). This indicated that 3 4 5 root fungal community composition was stronger more strongly influenced by the 15 Chytridiomycota under this soil condition than lateral roots ( Fig. 2e ). Under HP, 3 5 0 lateral roots showed a significantly higher abundance of Basidiomycota and 3 5 1
Glomeromycota as compared to axial roots, whereas under HP conditions none of the 3 5 2 large fungal phyla was enriched in axial roots (Fig. 2f ). To monitor in detail whether maize root types grown in the field differ in their that the 1 st order lateral roots were more strongly colonized than axial roots or the 2 nd 3 5 8 order lateral roots under both P conditions ( Fig. 3a ). However, under LP conditions 1 st 3 5 9
order lateral roots and axial roots were significantly more colonized than under HP 3 6 0 condition, while surprisingly the P level did not significantly affect colonization of 2 nd 3 6 1 order lateral roots ( Fig. 3a) . To support the notion that mycorrhizal colonization might 3 6 2 be linked to functional differences among root types, the genes encoding Pi dataset. Transcript accumulation of all Pht1 genes was negatively correlated with P 3 6 6 availability ( Fig. 3b ). All genes were preferentially expressed in lateral roots than in 3 6 7 axial roots reflecting the stronger involvement of lateral roots in P uptake and AM 3 6 8
symbiosis. Furthermore, axial roots exhibited larger variations in genes expression in 3 6 9 response to external P changes than lateral roots (Fig. 3b ). The differential 3 7 0 colonization of root types at different P levels was confirmed by transcript 3 7 1 accumulation of the maize AM marker gene AM3 (Fig. 3b ). Taken together, maize The transcriptomes of axial and lateral roots were analyzed for significant differences 3 7 8 at each P condition using a log-transformed linear model. This survey revealed that 3 7 9 differential gene expression between axial and lateral roots was partially dependent on 3 8 0 16 the P condition (Fig. 4a ). In total, 6,955 genes were differentially expressed between 3 8 1 axial and lateral roots (Fig. 4a ). Among those, 2,724 transcripts accumulated HP conditions (Fig. 4a) . The complete list of differentially expressed genes is significantly responded to phosphate levels (Fig. 4b) , while the other genes between the different conditions. These candidate PSR genes clustered into two 3 9 0 groups. Group I includes 17 genes induced by low phosphate in both root types.
3 9 1
Group II includes eight genes, which also respond to low phosphate but are in 3 9 2 addition significantly higher expressed in lateral roots as compared to axial roots ( Fig.   3 9 3 4b).
3 9 4
Genes differentially expressed between lateral and axial roots under specific P-levels 3 9 5
were assigned to MapMan functional categories to compare the distribution of over- and under-represented functional classes between root types under low and high P 3 9 7 (Tables S5-9 ). Based on Fisher's exact test, the functional category "signalling" was 3 9 8 exclusively enriched at low P (Fig. 5a ). In contrast, the pathways "metal handling" 3 9 9
and "DNA" were only enriched under high P conditions (Fig. 5a ). The genes which 4 0 0
were only differently expressed between the root types at LP (954 genes) and at HP 4 0 1
(3,277 genes; Fig. 4a ) were assigned to two classes reflecting the root type in which 4 0 2 they were higher expressed ( Fig. 5b ). For the four resulting groups of genes, wall" and "signalling" were significantly overrepresented in axial roots (Fig. 5b) . At 4 0 5 HP the MapMan bins "cell wall", "secondary metabolism" and "stress" were 4 0 6 significantly overrepresented in lateral roots (Fig. 5b ). For example, twelve genes 4 0 7 (GRMZM2G015654, GRMZM2G096268, GRMZM2G103128, GRMZM2G127184, exclusively upregulated in lateral roots (Table S8) . Moreover, a number of defense- MapMan bin "stress" and were overrepresented in lateral roots (Table S9) .
1 4
Interestingly, at LP the category "cell wall" was overrepresented in axial roots while 4 1 5 at HP the same category was overrepresented in lateral roots (Fig. 5b) .
1 6
To uncover links between the genes belonging to given functional categories, we corresponded to cell wall biosynthesis and metabolism (Table S5 ). In contrast, under biologically connected ( Fig. 5c ; Table S11 ). root types, to demonstrate root type-specific differences in physiology, metabolism 4 3 5
and signalling under field conditions. 4 3 6
We found differences in the fungal communities between root systems and bulk-soil, maize roots were specific for one or the other root type (Fig. 2a ). Furthermore, the significantly different between the two maize root types (Fig. 2b) . This demonstrates among different parts of the same plant organ (the root system). Arabidopsis (Hacquard et al., 2016; Hiruma et al., 2016) . Here we found, that the soil 4 5 2 phosphate level had a profound and root type-specific effect on the structure of fungal 4 5 3 communities ( Fig. 2a,b ), suggesting that the phosphate status effects niches for fungal 4 5 4 colonization in a root type-specific manner. In field-grown maize roots, phosphate displayed higher ß-diversity at low P than high P, while in AR the ß-diversity was 4 5 7 similar in both P conditions. Furthermore, the analysis of species composition 4 5 8
suggests that LRs support a higher diversity of Ascomycota at LP and of 4 5 9
Basidiomycota and Glomeromycota at HP, while ARs support a high diversity of 4 6 0
19
Chytridiomycota at LP (Fig. 2d) . A slight shift in the fungal community composition 4 6 1 in response to differences in soil phosphate level was also observed in bulk soil, It has been demonstrated that the expanded capacity of AM roots to gain soil P by 4 6 6 long-distance transport presents a major contribution to nutrient uptake in crops 4 6 7
(reviewed in Sawers et al., 2008; Smith & Smith, 2011; Gutjahr & Paszkowski, 2013) .
We found a root type-specific distribution of AM colonization, with higher High phosphate suppressed the amount of root colonization by AMF and the 4 7 7 expression of AM marker and phosphate transporter genes, as previously reported 4 7 8
( Fig. 3d-e , reviewed in Carbonnel & Gutjahr, 2014) . Surprisingly, this condition leads 4 7 9
to an increase in the diversity of AMF species, specifically in lateral roots. Root Parniske, 2017). In turn, it is possible that at higher phosphate levels, fungal species, resistance (Gianinazzi et al., 2010) . Simultaneous with fungal OTUs in maize root types, we determined more divergent 4 8 9
transcriptomic differences among root types than among P treatments indicating that 4 9 0 root type identity dominated the transcriptional profile (Fig. 1c ). However, differential 4 9 1 accumulation of transcripts related to phosphate starvation confirmed that the plants 4 9 2 20 had responded to the phosphate treatment; and some of these transcripts accumulated 4 9 3 differentially between axial and lateral roots (Fig. 4b) . A number of transcripts were 4 9 4 enriched in a root type-specific manner independent on the phosphate status, and root 4 9 5 type specificity of the transcriptome was higher under HP than under LP (Fig. 4a ).
9 6
Under LP the functional categories "cell wall" and "signalling" were overrepresented 4 9 7
in axial roots (Fig. 5a, b ; Tables S5, 6 ). Enrichment of cell wall related transcripts in 4 9 8 crown roots in comparison to lateral roots has also previously been observed in rice 4 9 9
grown under controlled phytochamber conditions (Gutjahr et al., 2015) . We 5 0 0
demonstrate here that this also occurs in the field and in a second grass species, compared to lateral roots under LP conditions ( Fig. 4a-d ; Table S5 ). Downregulation "secondary metabolism" and "stress" in lateral roots (Tables S7-9 ). For example, 5 1 0 twelve genes associated with hemicelluloses synthesis were exclusively upregulated 5 1 1 in lateral roots (Table S8 ). The most important biological function of hemicelluloses is 5 1 2 their contribution to strengthening the cell wall by tethering cellulose microfibrils 5 1 3 (Scheller & Ulvskov, 2010) . Interestingly, a maize Pht1;6 knock-out, which is 5 1 4 perturbed in mycorrhizal phosphate uptake showed lower expression of cell wall 5 1 5
related genes than the wild-type (Willmann et al., 2013) , confirming that also in 5 1 6
phosphate poor soils higher P levels (as in the wild-type) support activation of cell 5 1 7 wall processes.
1 8
In addition, the transcripts encoding proteins, which may be involved in the inhibition 5 1 9
of fungal pathogens are enriched in lateral roots (Table S8 ). We observed strong conditions (Hacquard et al., 2016; Hiruma et al., 2016) . We hypothesize that 5 4 1 phosphate-induced defense responses in lateral roots could also be responsible for the 5 4 2 fungal community shifts we observed in field-grown maize roots grown at HP (Fig. 5 ).
4 3
We consider it likely that specific reprogramming of root types in response to the soil (see summary in Fig. 6 ). However, we do not exclude that part of the observed 5 4 6
transcript accumulation occurs in response to the colonization by the fungi. In addition it is most likely that also the community composition of other microbes such 5 4 8
as bacteria, is influenced by root type specific niches and phosphate conditions and 5 4 9 that in turn these communities have an impact on the root transcriptome and root type-specific responses to biotic and abiotic factors and will guide future efforts 5 5 5
to improve plant growth and fitness, through application of soil microbes. in Fig. S3 , without the taxa that were highly enriched in soil and not significantly levels. Asterisks denote significant differences between low and high P levels for a 5 9 0
given root type according to Tukey's post-hoc test (*P <0.05; **P <0.01). Asterisks 5 9 1 denote significant fungal diversity between two soil types according to Student's t differentially abundant phyla are shown and normalized by Z-score across all datasets.
9 5
The dendrogram was inferred by applying the unweighted pair group method with the 5 9 6
arithmetic mean (UPGMA) as distance function. Distinct phyla enriched in axial and 5 9 7 lateral roots under low (e) and high (f) P supply. AR, axial root; HP, high phosphate;
5 9 8 LP, low phosphate; LR, lateral root; OTU, operational taxonomic unit. Asterisks 
